Granzyme A (GrA) is a serine protease produced in cytotoxic lymphocytes, lung epithelial cells (alveolar type-II cells), and alveolar macrophages. In the present study, recombinant rat GrA (rGrA) was found to cause rounding and detachment of an alveolar type-II epithelial cell line, A549. Also, rGrA stimulated release of a neutrophil chemoattractant, interleukin-8, from the cells, via a mechanism involving microtubule disruption, probably resulting from reduction of cell adhesion to culture dishes. These findings suggest that GrA might be involved in the pathogenesis of certain lung diseases characterized by loss of alveolar wall structures, neutrophil accumulation, and chronic inflammation.
Granzyme A (GrA) is a serine protease produced in cytotoxic lymphocytes that exhibits trypsin-like activity. 1) Much attention has been paid to the role of GrA in the exclusion of abnormal cells such as virus-infected cells and growing tumors via induction of apoptosis. 1) On the other hand, it has recently been found that in the lung, GrA mRNA is expressed not only in cytotoxic lymphocytes infiltrating this tissue, but also in alveolar epithelial cells (type-II cells) and alveolar macrophages, and that the level of expression increases in type-II cells of patients with severe chronic obstructive pulmonary disease (COPD), which is characterized by loss of alveolar wall structures, neutrophil accumulation, and chronic inflammation. 2) Recently we reported that a recombinant rat GrA (rGrA) causes detachment of a small-intestinal epithelial cell line (IEC-6), probably through its ability to cleave extracellular matrix (ECM) proteins.
3) These observations led to the suggestion that GrA contributes to the destruction of alveolar wall structures in COPD in a way that promotes detachment of alveolar epithelial cells, but there is no evidence that GrA causes detachment of alveolar epithelial cells.
In the present study, first we addressed the ability of GrA to detach epithelial cells derived from the lung. For this purpose, we used a human alveolar type II epithelial cell line, A549, which is widely used as a model in studies of alveolar epithelial damage and inflammation. This cell line was purchased from the RIKEN Bioresource Center (Ibaraki, Japan), and was maintained in DMEM supplemented with 10% v/v fetal calf serum at 37 C in 5% CO 2 . Production in Pichia Pastoris and purification of rGrA and a recombinant rat pancreatic secretory trypsin inhibitor (rPSTI) were performed as described previously. 3, 4) The purified rGrA and rPSTI were subjected to gel filtration in serum-free Dulbecco's modified Eagle medium (DMEM) containing 0.1% w/v BSA (protease-free, Sigma, St. Louis, MO) (SFM), titrated, 3, 4) sterile filtered, and used in the experiments. A549 cells, trypsinized, were seeded into 48-well microtiter plates (Asahi Techno Glass, Tokyo) at a density of 1 Â 10 4 cells/well and incubated for 48 h. They grew to 80% confluence. The cells were washed with phosphate buffered saline (PBS; 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 136 mM NaCl, 2.7 mM KCl, pH 7.4), exposed to 100 ml of SFM or SFM containing various concentrations of rGrA, and incubated for 24 h. After light-microscopic observation, cell detachment was assessed as follows: The conditioned media were harvested. The cells that remained attached were washed twice with 100 ml of PBS, and then lysed with 50 ml of 0.5 N NaOH solution. Detached cells included in the conditioned media and washings (total 300 ml) were precipitated by centrifugation at 5;000 g for 2 s at 22 C, washed twice with PBS, and lysed with 50 ml of 0.5 N NaOH. These lysates were centrifuged at 10;000 g for 10 min at 4 C to remove insoluble debris. The protein contents in the resulting supernatants were determined using a BCA protein assay kit (Pierce, Rockford, IL) with BSA as the standard. Cell detachment was expressed as the percentage of protein contents obtained from the detached cells, of the total protein contents (contents from the detached cells and from the cells that remained attached).
When incubated for 24 h with SFM alone, most A549 cells exhibited a typical appearance of a monolayer epithelium with a polygonal structure, and about 10% of the cells detached from the culture dishes (Fig. 1) . rGrA caused cell rounding and increased detachment in a concentration-dependent manner ( Fig. 1A and B ). When incubated with rGrA at concentrations of more than 200 nM, almost all of the cells rounded up and formed aggregates (Fig. 1A) . Also, the number of detached cells increased significantly (Fig. 1B) . These results indicate that rGrA promotes reduction of adhesion of A549 cells to culture dishes. No increased detachment occurred for up to 12 h, even when the cells were incubated with 300 nM rGrA (data not shown). The existence of a threshold (100-150 nM) and the requirement of a longer incubation time for cell rounding and the increase in detachment suggest that, in intact tissue, GrA-mediated detachment of alveolar epithelial cells occurs at or near the sites where GrA-expressing cells are present and/or that GrA, when overproduced (e.g., in COPD), contributes to a loss of alveolar wall structures in a way that promotes detachment of alveolar epithelial cells.
PSTI is known to have inhibitory activity toward GrA. 4) Preliminary experiments revealed that 60 mM PSTI was required for complete inhibition of hydrolysis of N--benzyloxy-L-lysine thiobenzyl ester (Sigma) catalyzed by 300 nM rGrA in SFM, and that 60 mM rPSTI alone did not increase the detachment of A549 cells (Fig. 1C) . Sixty mM rPSTI abolished the cell detachment promoted by 300 nM rGrA (Fig. 1C ). This indicates that rGrA causes detachment of A549 cells via a mechanism that requires a catalytically active enzyme.
Recently we reported that rGrA-induced detachment occurred in IEC-6 cells plated with collagen type IV and fibronectin, but not in ones plated with laminin.
3) In the present study, similar experiments were conducted using A549 cells. Cells grown with DMEM containing serum were washed twice with PBS, and then detached by repeated pipetting with PBS containing 1 mM EDTA. Cells were precipitated by centrifugation at 5;000 g for 2 s at 22 C, and the cell pellets were resuspended in SFM. Centrifugation and suspension of cells was repeated once to remove EDTA. The final cell pellet was suspended in SFM, in which collagen type IV (human plasma, Sigma), fibronectin (human plasma, Sigma), or laminin (Engelbreth-Holm-Swarm murine sarcoma basement membrane, Sigma) was included at a final concentration of 50 mg/ml. Cells in each suspension were seeded into 48-well plates at a density of 1 Â 10 4 cells/well. Two h after plating, the cells were washed twice with SFM, and then exposed to SFM or SFM containing 300 nM rGrA, incubated for an additional 24 h, and analyzed by light microscopy and cell detachment assay. Increased numbers of rounded and detached cells by 300 nM rGrA were evident in A549 cells plated with collagen type IV and with fibronectin, but not in those plated with laminin (Fig. 2) . We suggest A, Light-microscopic observation. A549 cells were exposed to SFM (0 nM) and to SFM containing rGrA (100-300 nM). After 24 h of incubation, the cells were analyzed by light-microscopic observation and photographed. Bar = 25 mm. B, Concentration-dependency of rGrAinduced detachment of A549 cells. After light-microscopic observation, cell detachment was assessed as described in the text. The concentrations for rGrA (from left to right) were 0, 25, 50, 100, 150, 200, and 300 nM. Data are expressed as means AE SD from 4-6 independent wells.
Ã P < 0:05 versus A549 cells treated with SFM alone (alternate Welch test). C, Inhibition of rGrA-induced detachment by rPSTI. Cells were incubated for 24 h with SFM (None), SFM containing 60 mM rPSTI (PSTI), SFM containing 300 nM rGrA, or SFM containing 300 nM rGrA and 60 mM rPSTI (GrA + PSTI). Cell detachment was expressed as described above. Data are expressed as means AE SD from six independent wells. Ã P < 0:05 versus A549 cells treated with SFM alone (alternate Welch test).
that rGrA increases the detachment of A549 cells through its ability to degrade ECM.
In epithelial cell models, detachment from culture dishes has emerged as a stimulus to the production of interleukin (IL)-8, a potent chemoattractant for neutrophils. For instance, detachment of a bronchial epithelial cell line (BET-1A) (e.g., by neutrophil elastase, trypsin, and EDTA) is known to stimulate production of IL-8. 5) In addition, neutrophil accumulation at damaged sites is a characteristic of chronic inflammatory lung diseases, including COPD.
2) If rGrA-mediated detachment of A549 cells is accompanied by IL-8 production, the importance of GrA in the pathogenesis of COPD is further indicated. Hence, we addressed the question whether GrA stimulates IL-8 production using this cell line. In the present study, increased IL-8 production was evaluated by determining the level in culture supernatants using Human IL-8 chemiluminescent ELISA kit (Pierce, Rockford, IL). rGrA promoted release of IL-8 with a threshold similar to that for detachment (Fig. 3A) . Sixty mM rPSTI abolished the increase in IL-8 release induced by 300 nM rGrA (Fig. 3A) . These results indicate that rGrA-mediated detachment stimulates production of IL-8 in A549 cells, and suggest that GrA-mediated detachment of alveolar epithelial cells, through an increase in neutrophil accumulation, might contribute to amplification and perpetuation of inflammation in COPD.
Sower and co-workers have shown that purified human GrA (about 250 nM) promoted the release of IL-8 from intestinal fibroblasts (18CO), intestinal epithelial cells (T 84 ), skin fibroblasts (CCD965Sk), and lung fibroblasts (LU18), although the underlying mechanisms are unknown. 6) In the present study, we addressed the mechanism by which rGrA promotes IL-8 release using A549 cells. It has been found that IL-8 production mediated by neutrophil elastase is due mainly to disruption of microtubule structure accompanying cell detachment.
5) Hence, we tested to determine whether incubation of A549 cells with rGrA would result in microtubule disruption. A549 cells were cultured and incubated for 24 h with SFM and with SFM containing 300 nM rGrA, as described above. After incubation, the plates were fixed with PBS containing 4% w/v paraformaldehyde, and permealized with PBS containing 0.1% v/v Triton X-100. After blocking with PBS containing 5% w/v BSA, the cells were incubated for 1 h with an anti--tubulin antibody conjugated with fluorescein isothiocyanate (Sigma) (1:50 dilution) in PBS. The plates were analyzed by confocal laser scanining microscopy (Fluoview FV300, Olympus, Tokyo). In A549 cells incubated with SFM alone, microtubules were organized in a network spreading out from the perinucleus to the periphery (Fig. 3B) . No microtubule meshworks were observed in the cells treated with rGrA (Fig. 3B) , indicating microtubule disruption in A549 cells treated with rGrA.
Taxol (a microbubule-stabilizing reagent) has been found to inhibit neutrophil elastase-induced IL-8 production.
5) Hence, we examined to determine whether rGrA-induced IL-8 production is inhibited in the presence of taxol. Taxol was purchased from LKT laboratories (St. Paul, MN). Five micromolar taxol alone increased neither detachment (data not shown) nor IL-8 release (Fig. 3C) . Taxol did not inhibit the rounding and detachment of A549 cells induced by 300 nM rGrA (data A, Light-microscopic observation. Cells were plated with collagen type IV (collagen IV), fibronectin, or laminin. Then they were incubated for 24 h with SFM or SFM containing 300 nM rGrA. After incubation, the cells were photographed. Only photographs of A549 cells exposed to rGrA are presented. Each photograph is representative of three independent wells. Bar = 25 mm. B, Cell detachment assay. Cell detachment was assessed as described above. GrA (À), A549 cells incubated with SFM alone; GrA (+), A549 cells incubated with SFM containing 300 nM rGrA. Data are expressed as means AE SD from the three wells.
Ã P < 0:05 versus respective GrA (À) (alternate Welch test).
not shown). However, IL-8 release induced by 300 nM rGrA was significantly inhibited by taxol (Fig. 3C) .
Immunostaining of A549 cells with anti--tubulin antibody did not permit evaluation of inhibition by taxol of rGrA-causing microtubule disruption (data not shown). Nevertheless, the results shown in Fig. 3B and C suggest that rGrA promotes IL-8 release from A549 cells by a mechanism involving microtubule disruption, probably resulting from reduction of cell adhesion, and that cell rounding and detachment per se are not important to the promotion of IL-8 release. Microtubule disruption appears to lead to activation of NF-B (a transcription factor), which stimulates IL-8 production. 7) In the present study, we found that higher doses of rGrA cause detachment of A549 cells. This suggests that this protease, when overexpressed, participates in the destruction of alveolar wall structures in a way that promotes detachment of alveolar type-II epithelial cells. In addition, GrA-mediated reduction of alveolar epithelial cell adhesion can result in stimulation of IL-8 production. This is supported by the observation that in A549 cells, the degree of rGrA-induced detachment agreed with that of rGrA-induced IL-8 release. It is known that neutrophil accumulation is important to the development of COPD.
2) Taking all this together, we propose that GrA contributes considerably to the pathogenesis of COPD. Hence, GrA is expected to be a potential target for therapy in the disease. A, The concentration-dependency of rGrA-induced IL-8 release. A549 cells were incubated for 24 h with SFM and with SFM containing various concentrations of rGrA. After incubation, conditioned media were harvested and centrifuged at 5;000 g for 1 min at room temperature. The concentration of IL-8 in the resulting supernatants was determined using an ELISA kit. The concentrations for rGrA (from left to right) were 0, 25, 50, 100, 150, 200, and 300 nM. The black square indicates the mean concentration of IL-8 in the supernatants of cells incubated with SFM containing 300 nM rGrA and 60 mM rPSTI. Data are expressed as means AE SD from 4-6 independent wells. Ã P < 0:05 versus A549 cells incubated with SFM alone (alternate Welch test). B, The rGrA-induced disruption of microtubule structure. A549 cells were incubated for 24 h with SFM (GÀ) and with SFM containing 300 nM rGrA (G+). The microtubule was stained with an anti--tubulin antibody. Bar = 25 mm. C, Inhibition of rGrA-induced IL-8 release by taxol. A549 cells were incubated for 24 h with SFM (None), SFM containing 5 mM taxol (Txl), SFM containing 300 nM rGrA (GrA), or SFM containing 300 nM rGrA and 5 mM taxol (GrA + Txl). Data are expressed as means AE SD from six independent wells. Ã P < 0:05 versus A549 cells incubated with SFM alone (alternate Welch test).
